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HIGHLIGHTS 


►  A  new  type  of  an  alkaline  electrolysis  cells  has  been  developed. 

►  Metal  foam  based  gas  diffusion  electrodes  with  Ag  electro-catalyst  were  used. 

►  Potassium  hydroxide  as  electrolyte  was  immobilized  in  a  porous  SrTi03  structure. 

►  The  cells  have  shown  to  operate  at  temperatures  up  to  250  °C  at  42  bar. 

►  Current  densities  of  1.0  A  cm  2  and  2.0  A  cm  2  have  been  measured  at  1.5  V  and  1.75  V. 
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A  new  type  of  alkaline  electrolysis  cells  with  nickel  foam  based  gas  diffusion  electrodes  and  KOH  (aq) 
immobilized  in  mesoporous  SrTi03  has  been  developed  and  tested  at  temperatures  and  pressures  up  to 
250  °C  and  42  bar,  respectively.  Current  densities  of  1.0  A  cm-2  have  been  measured  at  a  cell  voltage  of 
1.5  V  without  the  use  of  expensive  noble  metal  catalysts.  High  electrical  efficiency  and  current  density 
combined  with  relatively  small  production  costs  may  lead  to  both  reduced  investment  and  operating 
costs  for  hydrogen  and  oxygen  production. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Energy  from  renewable  sources  is  becoming  an  increasingly 
important  part  of  the  energy  supply  system  worldwide.  Besides  the 
obvious  advantages  of  renewable  energy  sources,  like  CO2  free  or 
neutral  energy  production,  some  indisputable  disadvantages  have 
to  be  overcome  towards  a  sustainable  energy  supply  system  [1]. 
The  fluctuation  of  the  wind  speed  and  solar  radiation,  for  example, 
leads  to  periods  with  excess  or  deficit  of  available  energy.  It  is 
therefore  necessary  to  develop  energy  storage  systems  with  high 
efficiency  and  reliability,  as  well  as  low  cost.  The  production  of 
hydrogen  by  means  of  electrolysis  of  water  during  times  of  energy 
excess,  followed  by  conversion  of  the  produced  hydrogen  to  elec¬ 
tricity  during  periods  of  energy  deficit  is  a  promising  possibility  [2]. 
Alkaline  electrolysis  has  proven  to  be  reliable  and  efficient  some 
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decades  ago  [3],  but  further  cost  reduction  along  with  increased 
efficiency  is  still  necessary  in  order  to  make  it  commercially 
attractive.  A  significant  reduction  of  the  investment  costs  may  be 
achieved  by  increasing  the  operational  pressure  of  the  electrolyzer 
as  this  will  result  in  the  production  of  pressurized  hydrogen  (and 
oxygen),  thereby  eliminating  or  reducing  the  cost  of  the 
compressor.  Furthermore,  it  has  been  estimated  that  the  energy 
demand  for  pressurization  by  the  electrolyzer  is  ca.  5%  less  than  for 
pressurization  by  common  compressors,  leading  to  reduced  oper¬ 
ation  cost  for  the  system  [4]. 

A  substantial  step  towards  higher  efficiencies  can  be  made  by 
increasing  the  operational  temperature  from  the  conventionally 
used  temperature  of  about  100  °C  to  temperatures  as  high  as 
264  °C,  where  a  current  density  of  200  mA  cm-2  has  been 
demonstrated  at  a  cell  voltage  of  1.43  V  [5].  Another  substantial 
step  forward  has  been  made  by  Divisek  et  al.  by  the  use  of  Raney 
activated  electrodes  and  zero-gap  electrodes,  thereby  achieving 
a  current  density  of  400  mA  cm-2  at  a  cell  voltage  of  ca.  1.55  V  at 
100  °C  and  pressures  between  1  and  5  bar  [3]. 
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1.1.  Alkaline  electrolysis 

An  alkaline  electrolysis  cell  consists  of  four  major  components; 
the  electrolyte,  which  is  commonly  potassium  hydroxide  (KOH)  in 
high  concentrations  (usually  above  25  wt%),  the  cathode,  the  anode, 
and  a  solid  barrier  (diaphragm).  The  solid  barrier  is  separating  the 
produced  gases  to  avoid  recombination  and  furthermore  needs  to 
be  permeable  to  hydroxide  ions  and  water;  it  is  used  in  all  types  of 
alkaline  electrolysis  cells  (conventional,  zero-gap,  immersed  cells, 
or  gas  diffusion  electrode  type  alkaline  electrolyzers)  [6,7]. 
Hydrogen  evolution  takes  place  at  the  cathode,  where  the  electrons 
are  provided  for  the  decomposition  of  water.  The  hydroxide  ions 
are  decomposed  at  the  anode,  where  oxygen  evolution  takes  place 
under  the  formation  of  water.  The  basic  reactions  of  the  decom¬ 
position  of  water  in  an  alkaline  electrolyzer  are  given  by  Equations 
(1)— (3). 

Anode  :  20H~— dc>2  +  H20  +  2e~  (1) 

Cathode  :  2H20  +  2e  ^H2  +  20H"  (2) 

Total  :  H20— >H2  +^02  (3) 

The  cell  voltage,  Uceii,  that  has  to  be  applied  to  produce  hydrogen 
and  oxygen  with  a  given  rate  depends  on  the  operating  tempera¬ 
ture  [8]  and  pressure  [4]  as  well  as  on  a  number  of  other  factors 
such  as  the  electro-catalyst  material  and  microstructure  [9]. 
Furthermore,  the  right  choice  of  electrolyte  concentration  for 
a  specific  temperature  [10],  and  a  high  specific  surface  area  of  the 
electrodes  are  important  factors.  Major  losses  are  defined  as 
cathodic  overvoltage,  rjH2,  for  the  hydrogen  evolution  reaction,  HER, 
the  anodic  overvoltage,  rj02 ,  for  the  oxygen  evolution  reaction,  OER, 
and  ohmic  losses  in  the  electrolyte.  The  ohmic  losses  are  relatively 
small  at  low  current  densities,  but  become  significant  at  industri¬ 
ally  relevant  current  densities  of  200  mA  cm-2  or  more,  especially  if 
significant  bubble  formation  takes  place  [11]. 


12.  Thermodynamic  considerations 


The  reversible  (or  equilibrium)  cell  voltage,  Frev,  is  the  minimal 
voltage  at  which  electrolysis  of  H20  is  possible  and  can  be  calcu¬ 
lated  by  equation,  where  AG/  is  the  Gibbs  free  energy  of  the  reac¬ 
tion,  n  is  the  number  of  electrons  involved  in  the  reaction,  and  F  is 
Faraday’s  constant  (96,485  C  mor1).  At  standard  conditions  it  is 
1.229  V  with  the  Gibbs  free  energy  of  formation  at  standard 
conditions  AG^  =  -237.178  kj  moP1  [12]. 
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rev 


-AG/ 

~hF~ 


(4) 


The  total  energy  demand  for  the  reaction  corresponds  to  the 
thermoneutral  voltage,  Ftn,  and  can  be  calculated  from  the  enthalpy 
of  formation,  AH/,  as  shown  by  Equation  (5).  The  thermoneutral 
voltage  £tn,0  at  standard  temperature  and  pressure  (STP,  25  °C, 
101.325  kPa)  is  1.481  V  with  the  standard  enthalpy  of  formation 
AHO  =  -285.840  kj  moP1  [12]. 


Etn  — 


-AH/ 
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A  comparison  of  the  electrical  energy  demand,  the  total  energy 
demand  and  the  heat  demand  for  water  electrolysis  at  standard 
pressure  is  shown  in  Fig.  1  with  thermodynamic  data  obtained  from 
FactSage  [12].  It  is  shown  that  the  electrical  energy  demand  for 
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Fig.  1.  Temperature  dependence  of  the  total  energy  demand,  AH/  (full  line),  the  elec¬ 
trical  energy  demand,  AG/ (dashed  line),  and  the  heat  demand  T-  AS/ (dotted)  for  water 
(T  <  100  °C)  and  steam  (T  >  100  °C)  electrolysis  at  1  bar  using  data  from  FactSage  [12]. 


water  electrolysis  decreases  with  increasing  temperature,  while 
heat  demand  rises  and  the  total  energy  demand  is  almost  constant 
(but  different)  both  for  the  liquid  and  the  gaseous  phase. 

As  it  is  not  common  to  perform  electrolysis  at  standard  condi¬ 
tions,  it  is  necessary  to  know  both  the  influence  of  pressure  and 
temperature  to  the  reversible  cell  voltage.  The  reversible  cell 
voltage  as  a  function  of  temperature  and  pressure,  Frev(t,p),  can  be 
calculated  by  Equation  (6),  where  R  is  the  Gas  constant 
(8.3144621  J  moP1  K_1),  aH2  is  the  hydrogen  activity,  a0l  is  the 
oxygen  activity,  aH2o  is  the  activity  of  water  and  T  is  the  tempera¬ 
ture  in  Kelvin. 


Er  ev(t,p) 


-AG/ 

lvF~ 


-AG° 

lvF~ 


(6) 


Erev(t,p)  can  also  be  obtained  from  steam  tables  or  CALPHAD 
(Computer  Coupling  of  Phase  Diagrams  and  Thermochemistry) 
programs  like  FactSage  [12]  which  include  data  for  AG/ at  elevated 
temperatures  and  pressures.  A  graph  displaying  the  influence  of  the 
pressure  and  temperature  to  Erev(t,p)  has  been  calculated  by  Equa¬ 
tion  (4)  with  data  from  FactSage  and  is  shown  in  Fig.  2  (the  partial 
pressure  of  H2, 02  and  H20  is  assumed  equal  to  the  total  pressure  in 
this  calculation).  Important  values  are  numerically  extracted  in 


Temperature  [°C] 

Fig.  2.  Reversible  cell  voltage  £rev(t,p)  as  a  function  of  the  temperature  for  steam 
electrolysis  at  pressures  of  1  bar  (V),  10  bar  ( □ ),  20  bar  (+),  30  bar  ( A ),  40  bar  ( O )  and 
50  bar  (★)  (the  partial  pressure  of  H2,  02  and  H20  is  assumed  equal  to  the  total 
pressure  in  this  calculation). 
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Table  1.  Furthermore,  it  should  be  noted  that  the  reversible  cell 
voltage  of  an  alkaline  electrochemical  cell  is  also  depending  on  the 
concentration  of  the  electrolyte.  Balej  [13,14]  has  provided 
expressions  for  computing  a*  and  the  reversible  cell  voltage  as 
a  function  of  the  concentration,  temperature  and  pressure  of  the 
electrolyte,  said  to  be  valid  for  temperatures  between  25-200  °C. 
Since  reliable  data  sets  above  200  °C  are  not  available,  we  have 
neglected  the  influence  of  the  electrolyte  concentration  here. 

1.3.  Immobilization  of  electrolytes  and  gas  diffusion  electrodes 

A  porous  structure  in  which  the  liquid  electrolyte  is  immobilized 
by  capillary  forces  can  be  used  as  a  combination  of  diaphragm  and 
electrolyte.  In  this  case,  the  reduced  free  volume  for  the  liquid 
electrolyte  and  the  tortuosity  of  the  porous  structure  are  expected 
to  result  in  a  decrease  in  conductivity,  and  by  that  to  an  increase  in 
ohmic  losses.  Nevertheless,  the  ohmic  losses  can  be  reduced  by 
reducing  the  thickness  of  the  porous  structure.  The  determination 
of  the  conductivity  of  such  structures  is  therefore  important  and 
can  be  measured  with  the  van  der  Pauw  technique  as  demonstrated 
by  the  authors  [10].  A  great  advantage  of  immobilizing  the  elec¬ 
trolyte  is  the  possibility  to  use  gas  diffusion  electrodes  (GDEs)  for 
steam  electrolysis  at  temperatures  well  above  the  boiling  point  of 
water,  i.e.  up  to  250  °C  in  the  work  presented  here,  while  the 
electrolyte  remains  in  the  liquid  phase  due  to  the  higher  boiling 
point  of  concentrated  KOH  (aq).  At  any  given  temperature,  it  is 
important  to  operate  within  an  appropriate  pressure  range  since 
too  high  pressures  could  cause  condensation  of  steam  (and  thereby 
dilute  the  electrolyte  or  flood  the  GDE)  while  too  low  pressures 
could  cause  evaporation  of  the  electrolyte  (through  which  ohmic 
losses  would  increase).  Further  consequences  of  electrolyte  evap¬ 
oration  could  be  disconnection  of  the  circuit  or  the  formation  of 
open  gas  channels  between  cathode  and  anode.  Phase  transition 
lines  between  the  liquid  and  liquid  +  gas  phase  for  water  and  KOFI 
solutions  as  a  function  of  temperature  and  pressure  have  been 
presented  in  previous  work  [10]. 

Gas  diffusion  electrodes,  similar  to  those  used  in  high  temper¬ 
ature  solid  oxide  fuel  cells  (SOFC)  and  solid  oxide  electrolysis  cells 
(SOEC)  [15]  allow  electrolysis  without  the  formation  of  bubbles. 
Bubble  formation  usually  leads  to  increased  ohmic  losses  due  to 
area  reduction  and  increased  anodic  and  cathodic  overpotentials 
due  to  reduced  available  electrode  area  in  a  traditional  alkaline 
electrolyzer  [16].  GDEs  have  to  be  highly  electronic  conductive  to 
minimize  ohmic  losses,  and  porous  to  allow  the  produced  gases  to 
escape  while  steam  flows  into  the  cell  towards  the  triple  phase 
boundary,  TPB,  as  shown  in  Fig.  3.  Since  the  electrochemical  reac¬ 
tions  take  place  at  the  TPB,  it  is  important  that  the  TPB-length  is  as 
long  as  possible  [17].  Nickel  is  known  to  be  corrosion  resistant  in 
alkaline  media  and  electro-catalytically  active,  hence  it  is  often 
used  as  a  base  material  for  electrodes  in  alkaline  electrolysis  cells. 
Electro-catalysts  for  the  OER  [18,19]  and  HER  [20,21]  have  been 
extensively  studied  for  alkaline  electrolysis.  They  are  optimally 
placed  at  the  TPB  in  order  to  achieve  low  overpotentials.  Silver  is 


Table  1 

Reversible  cell  voltage  £rev(t,p)  for  steam  electrolysis  as  a  function  of  the  system 
pressure  and  temperature  calculated  by  Equation  (4)  with  data  from  FactSage. 
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Fig.  3.  Illustration  of  an  alkaline  electrolysis  cell  with  KOH  (aq)  electrolyte  immobi¬ 
lized  in  a  porous  matrix  and  gas  diffusion  electrodes. 

known  to  be  an  excellent  catalyst  for  the  oxygen  reduction  reaction 
ORR  in  alkaline  fuel  cells  [22,23]  and  can  be  considered  as  catalyst 
for  the  OER  reaction  as  well.  C03O4  and  Co-based  spinel  oxides  are 
also  known  to  be  good  electro-catalysts  for  the  OER  [24],  while 
Raney-nickel  and  molybdenum  [25]  are  preferred  electro-catalysts 
for  the  HER.  The  anodic  overpotential  caused  by  the  OER  is  usually 
dominating  over  the  cathodic  overpotential  caused  by  the  HER. 

Nickel  foams  are  widely  used  [26]  and  have  already  been  shown 
to  work  as  a  gas  diffusion  electrode  for  the  oxygen  reduction 
reaction  ORR  in  an  alkaline  fuel  cell  [27].  More  advanced  metal 
foams  have  recently  been  developed  from  Alantum  Europe  GmbH, 
where  metal  alloy  foams  are  obtained  by  a  powder  metallurgical 
process.  Important  material  parameters,  i.e.  final  composition,  the 
specific  surface  area,  and  the  pore  size  of  the  foam  can  be 
customized  to  the  application  [28]. 

2.  Experimental 

2.1.  FobAEC  -  foam  based  alkaline  electrolysis  cells 

A  new  type  alkaline  electrolysis  cell  and  method  to  produce 
them  has  been  developed  [29].  Foam  based  alkaline  electro¬ 
chemical  cells  (FobAEC)  are  produced  from  metal  foams  delivered 
by  Alantum  Europe  GmbH.  Circular  foam  pieces  with  a  diameter  of 
12  mm  are  stamped  out  of  the  foam  sheets  with  a  thickness  of 
1.0  mm  for  nickel  foam,  and  1.6  mm  for  Inconel  625  foam  (Inconel 
625  alloy  composition  is  for  example  in  wt%:  Cr,  21.32;  Mo,  8.58; 
Nb,  3.73;  Al,  0.18;  Ti,  0.16;  Fe,  0.11;  Si,  0.09;  C,  0.053;  Mn,  0.04;  Mg, 
0.01;  Balance  Ni  [30]).  The  circular  foam  pieces  were  cleaned  in 
ethanol;  beside  that,  the  foams  were  used  as  delivered.  One  or  two 
foam  layers  are  placed  in  a  uni-axial  press  and  0.25-1.5  g  SrTi03 
powder  is  placed  on  top  of  the  foam.  One  drop  of  an  appropriate 
binder,  i.e.  MEK  in  33%  ethanol,  has  been  mixed  to  100  mg  of  the 
perovskite  SrTi03  powder  to  obtain  better  adhesion  of  the  powder 
particles  during  processing  and  sintering.  Another  one  or  two 
layers  of  foam  are  placed  on  top  of  the  powder.  The  whole  structure 
is  pressed  for  30  s  with  a  pressure  of  13.0  kN  cm-2.  The  cells  have 
then  been  sintered  in  air  at  450  °C  for  2  h  with  a  heating  ramp  of 
100  K  h  1  followed  by  a  second  sintering  step  in  9%  H2/Ar  at  1000  °C 
for  6  h  with  a  heating  and  cooling  ramp  of  50  K  h-1. 

Mercury  porosimetry  analysis  has  been  performed  with  an 
AutoPore  IV  9500  porosimetry  analyzer,  since  the  porosity  and  pore 
size  distribution  of  the  SrTi03  structure  is  of  high  interest  for  the 
immobilization  of  the  electrolyte.  A  sample  for  the  pore  size 
measurements  has  been  produced  similar  to  the  FobAECs,  but 
without  the  foams  pressed  to  the  surfaces. 
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Electrodeposition  of  silver  has  been  performed  to  some  of  the 
cells  in  order  to  improve  the  performance  of  the  anode  for  the  OER 
after  preparing  the  cells  as  described  above.  The  electrodeposition 
was  performed  with  a  0.1  M  AgN03  +  1  M  KNO3  solution  under  N2 
atmosphere  and  stirring.  Pulsed  deposition  with  pulse/pause  rela¬ 
tion  of  1  s/1  s  and  a  potential  difference  of  -3.0  V  (vs  a  platinized  Pt 
counter  electrode)  has  been  used  to  deposit  the  Ag  particles  on  the 
foam  with  a  Gamry  type  600  or  3000  potentiostat.  Scanning  elec¬ 
tron  microscopy  SEM  has  been  used  to  analyze  the  surface  and 
cross  section  of  the  FobAEC  before  and  after  measurements.  Anal¬ 
ysis  of  the  impedance  and  voltammetry  data  was  partly  performed 
using  the  software  Ravdav  [31  ]. 

2.2.  High  temperature  and  pressure  autoclave 

A  Parr  autoclave  Type  4760  with  600  ml  volume  and  a  PTFE 
(Polytetrafluoroethylene)  liner  was  used  to  perform  measurements 
under  high  pressure  and  at  elevated  temperatures  as  shown  in 
Fig.  4.  The  autoclave  was  made  of  Inconel  600,  which  can  withstand 
high  temperatures  and  pressures  as  well  as  extremely  caustic 
environments  [32].  To  perform  electrochemical  measurements,  the 
autoclave  was  equipped  with  additional  gas  handling  components 
and  wire  through-puts.  Nitrogen  from  a  200  bar  pressurized  bottle 
was  used  for  the  pressurization  of  the  Autoclave.  The  pressure  in 
the  autoclave  was  regulated  with  a  needle  valve.  A  J-type  thermo¬ 
well  was  used  to  measure  the  temperature  in  the  autoclave  while 
a  pressure  gauge  displayed  the  actual  pressure.  An  additional 
digital  pressure  gauge  allowed  recording  the  pressure.  The  auto¬ 
clave  was  insulated  to  avoid  temperature  gradients  during  the 
measurements. 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  have  been  performed  with 
a  Gamry  type  600  or  3000  potentiostat.  Electrochemical  impedance 
spectroscopy  (EIS)  has  been  used  to  determine  the  cell  character¬ 
istics  under  polarization  and  at  open  circuit  voltage  (OCV).  Cyclic 


Fig.  4.  Schematic  description  of  the  autoclave  setup  including  heater  and  top  insu¬ 
lation.  A  teflon  liner  TL1  protects  the  autoclave  from  the  caustic  environment.  The 
alkaline  electrochemical  cell  holder  (AECH)  is  connected  to  a  metal  rod  by  an  insulated 
wire  (not  shown).  The  diluted  aq.  KOH  solution  used  to  humidify  the  autoclave 
atmosphere  is  also  shown.  The  temperature  controller  is  connected  to  a  thermo-well 
placed  in  between  the  heater  and  the  autoclave. 


voltammograms  have  been  recorded  to  analyze  the  cell  perfor¬ 
mance  as  a  function  of  the  applied  cell  voltage. 

A  cell  holder  was  developed  to  allow  electrochemical  charac¬ 
terization  of  the  FobAECs.  It  is  important  that  the  materials  used  for 
the  tests  will  not  suffer  from  severe  corrosion  or  degradation  due  to 
the  harsh  conditions  in  the  autoclave.  Inconel  was  chosen  where 
low  electrical  resistance  was  needed,  PFA  (Perfluoroalkoxy)  or  PTFE 
where  insulating  properties  and  chemical  resistance  was  an  issue. 
Fig.  5  shows  the  cross  section  of  the  cell  holder  that  was  used 
during  the  measurements.  Nitinol  (a  nickel-titanium  alloy)  tension 
springs  were  used  to  apply  a  constant  force  between  two  Inconel 
tubes  which  acted  as  current  collectors.  Inconel  screws  attached  to 
the  Inconel  tube  acted  as  corrosion  resistant  connection  points  as 
well  as  mounting  points  for  the  Nitinol  spring.  PTFE  O-rings 
ensured  electronic  insulation  between  the  Inconel  screws  and  the 
Nitinol  springs.  The  FobAEC  was  placed  in  between  two  metal 
foams  acting  as  current  collectors  (Inconel  foam  on  the  cathode, 
nickel  on  the  anode).  The  produced  gases  could  evolve  through  the 
Inconel  tubes  to  the  autoclave  vessel.  5  mm  holes  on  the  side  of  the 
PFA  tube  fitting  (Swagelock  type  PFA-820-6)  ensured  that  the  cell 
would  not  dry  out  during  the  performed  measurements  and 
allowed  to  connect  a  platinum  wire  to  the  centre  of  the  cell 
(immobilized  electrolyte)  in  order  to  perform  measurements 
against  this  reference  electrode  (compare  Section  2.4).  The  working 
electrode  (WE)  and  the  working  sense  (WS)  of  the  potentiostat 
terminals  were  connected  to  the  anodic  side  of  the  sample  holder 
while  the  counter  electrode  (CE)  and  the  reference  (Ref)  terminals 
were  connected  to  the  cathodic  side  of  the  sample  holder. 

The  main  intention  of  the  presented  work  was  to  obtain 
performance  data  of  the  produced  cells  at  temperatures  close  to 
250  °C,  but  measurements  at  100  °C  and  200  °C  have  also  been 
performed  to  analyze  the  influence  of  temperature.  The  cells  have 
been  kept  in  the  aqueous  electrolyte  for  at  least  2  h  prior  to  the 
measurements  in  order  to  soak  up  the  electrolyte;  the  concentration 


PTFE  O-ring  Nitinol  spring  PFA  Tube  fitting 


Fig.  5.  Principal  cross  section  of  the  Alkaline  Electrolysis  Cell  Holder  (AECH):  The 
electrolysis  cell  is  centred  in  the  sample  holder.  A  piece  of  metal  foam  acts  as  current 
collector.  The  Inconel  tubes  press  the  foam  against  the  active  electrode  of  the  elec¬ 
trolysis  cell.  Nitinol  springs  are  assembled  to  provide  constant  force  in  order  to  avoid 
contacting  problems.  They  are  insulated  against  the  screws  by  a  PTFE  O-ring.  The  wires 
WE,  WS,  CE  and  Ref  indicate  how  the  cell  was  connected  to  the  potentiostat  (see  text). 
The  Pt-wire  acts  as  reference  electrode  in  the  three  electrode  setup. 
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was  45  wt%  for  all  cells.  Humidification  of  the  autoclave  atmosphere 
to  prevent  the  cells  from  drying  was  realized  by  filling  the  reaction 
chamber  in  which  the  sample  holder  was  mounted  with  22.5  ml  of 
a  22.5  wt%  KOH  solution  as  shown  in  Fig.  4.  The  autoclave  was 
filled  with  10  bar  N2,  supplied  from  a  gas  bottle,  before  heating. 
Further  pressurization  occurred  through  thermal  expansion  of  the 
embedded  gases  and  evaporation  of  part  of  the  solution  in  the 
bottom  during  heating. 


2.4.  Three  electrode  setup 


A  reference  electrode  was  attached  to  the  middle  of  the  FobAEC 
to  determine  the  oxygen  and  hydrogen  evolution  overpotentials 
ij02  and  pH2  as  shown  in  Fig.  5.  The  hydrogen  evolution  over¬ 
potential  was  measured  in  safety  gas  (9%  H2  in  N2)  and  the  oxygen 
evolution  overpotential  in  technical  air  (20%  O2,  80%  N2). 

The  reaction  that  takes  place  at  the  H2/Pt/KOH(aq)  reference 
electrode  is  given  in  Equation  (7)  with  a  standard  potential 
of  -0.828  V  vs  the  standard  hydrogen  electrode,  SHE  [33]. 


20H-(aq)  +  H2(g)~2H20(g)  +  2e“  (7) 

The  equilibrium  electrode  potential  vs  the  SHE  for  the  HER 
(Reaction  7)  f£q,  under  measurement  conditions  can  be  calculated 
from  Equation  (8),  where  a;  are  activities  of  species  i.  For  240  °C  and 
40  bar  it  was  calculated  to  be  -844  mV  under  the  experimental 
conditions  employed  here. 


aH2Q  A 

aH2aOH  -/ 


(8) 


The  reaction  that  takes  place  at  the  02/Pt/KOH(aq)  reference 
electrode  is  given  in  Equation  (9)  with  a  standard  potential  of 
0.4  V  vs  the  SHE  [33]. 


40H-  (aq)  <-+  02  (g)  +  2H20(g)  +  4e_  (9) 

The  equilibrium  electrode  potential  vs  the  SHE  for  the  OER 
(Reaction  9)  E^q,  under  measurement  conditions  can  be  calculated 
from  Equation  (10).  For  240  °C  and  40  bar  it  was  calculated  to  be 
352  mV  under  the  experimental  conditions  employed  here. 


a02aH2o\ 

>  aOH  ) 


(10) 


3.  Results 

3.1.  Porosimetry  analysis 

The  porosity  and  pore  size  distribution  of  the  pellets  used  for 
immobilization  of  the  aqueous  KOH  was  characterized  by  Hg 
porosimetry  and  is  shown  in  Fig.  6;  the  mean  pore  size  was  found  to 
be  63  nm  with  a  porosity  of  48.0%. 

3.2.  Scanning  electron  microscopy 
3.2.1.  Untreated  foam 

SEM  (Scanning  electron  microscopy)  images  of  the  untreated 
foam  are  shown  in  Fig.  7.  The  pore  size  of  the  nickel  and  Inconel 
foam  is  ca.  450  pm  with  a  porosity  of  95%  for  the  nickel  foam  and 
>91%  for  the  Inconel  foam  according  to  the  manufacturer’s  speci¬ 
fication.  It  can  be  seen  that  the  surface  of  the  nickel  foam  is  rela¬ 
tively  smooth  compared  to  this  of  the  Inconel  foam.  The  coarse  layer 
on  the  Inconel  foam  shows  the  Inconel  layer,  which  has  been  coated 
on  a  nickel  foam,  similar  to  those  seen  on  the  left  part  of  the  figure. 


Fig.  6.  Results  of  the  mercury  intrusion  porosimetry  of  the  electrolyte  supporting 
porous  SrTi03  structure  showing  a  mean  pore  size  of  63  nm. 


3.2.2.  Surface  analysis  of  the  FobAECs  anode 

The  porosity  of  the  foam  is  significantly  reduced  after  pressing 
of  the  whole  cell  body  in  the  uni-axial  press.  The  typical  pore  size 
diameter  is  reduced  to  values  in  the  order  of  150  pm  ±  50  pm  with 
an  even  distribution.  The  shape  is  naturally  changed  to  a  more  flat 
form  instead  of  being  ball-like,  as  it  can  be  seen  in  Fig.  8,  left  image. 
The  highly  porous  SrTi03  structure  sticks  out  of  the  nickel  foam  at 
several  places  up  to  the  surface  of  the  cell.  It  can  be  seen  that  the 
nickel  foam  can  act  as  a  current  collector  as  well  as  the  active 
electrode.  The  right  image  of  Fig.  8  shows  the  interface  of  the  SrTiOs 
and  the  nickel  foam,  which  will  act  as  the  TPB  after  immersion  of 
the  cell  into  liquid  electrolyte.  The  SrTi03  has  a  tendency  to  form 
clusters  on  the  surface  which  have  a  size  of  ca.  2-10  pm  while  the 
pore  size  is  mainly  distributed  around  63  nm  as  shown  in  Fig.  6. 

3.2.3.  Surface  analysis  of  the  silver  deposited  anode  of  the  FobAECs 

Silver  electrodeposition  was  successfully  applied  to  the  nickel 

foam  anode  as  shown  in  Fig.  9.  The  left  image  shows  the  foam  with 
silver  crystals  of  a  particle  size  in  the  region  of  10-20  pm  and  nano 
sized  silver  particles  distributed  all  over  the  foams  surface.  The 
right  image  shows  the  interface  of  the  same  sample  at  higher 
magnification  where  a  relatively  large  silver  particle  of  7.5  pm  can 
be  seen  in  the  upper-left  part  with  well  distributed  nano  sized 
particles  in  the  range  of  50-500  nm. 

3.2.4.  Cross  section  analysis  of  the  FobAECs 

The  results  of  the  cross  section  analysis  are  shown  in  Fig.  10.  The 
brightest  structure  indicates  the  metal  foams,  light  grey  is  the 
porous  SrTi03  structure  and  dark  grey  is  the  surrounding  epoxy 
coating  for  the  SEM  analysis.  Both  electrodes  are  pressed  out  of  two 
layers  of  the  corresponding  metal  foam.  The  Inconel  foam  is  less 
compressed  than  the  nickel  foam  and  shows  a  higher  specific 
surface  area  than  the  pure  nickel.  It  can  also  be  seen  that  it  will  be 
sufficient  to  use  only  one  layer  of  Inconel  foam,  but  2  layers  of 
nickel  foam  are  needed  in  order  to  obtain  a  good  distribution  of  gas 
channels  in  combination  with  the  ability  of  the  foam  to  work  as 
a  current  collector  and  active  electrode. 

3.3.  Cell  performance  at  high  temperatures 

Cell  performance  tests  have  mainly  been  performed  at 
temperatures  in  the  region  of  250  °C  and  pressures  around  40  bar. 
Cyclic  voltammograms  of  different  compositions  of  the  FobAECs  are 
shown  in  Fig.  11.  The  current  density  at  a  polarization  of  Uce n  =  1.5  V 
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Fig.  7.  SEM  picture  of  an  untreated  nickel  foam  (upper-left  and  lower-left)  and  Inconel  foam  (upper-right  and  lower-right).  Note:  the  magnifications  are  different  as  indicated  by  the 
scale  bars. 


(uncompensated  for  ohmic  resistance)  reached  from  466  mA  cm  2 
at  240  °C  and  38  bar  (for  a  cell  with  2  layers  of  nickel  foam  as  anode 
and  two  layers  of  Inconel  foam  as  cathode),  to  1000  mA  cm-2  at 
240  °C  and  37  bar  (for  a  cell  with  1  layer  of  nickel  foam  with  Ag- 
deposition  as  anode  and  one  layer  of  Inconel  625  foam  as 
cathode).  Additional  performance  data  for  further  cell  composi¬ 
tions  are  shown  in  Table  2.  The  serial  resistance  Rs  has  been 
measured  with  EIS  under  polarization  of  1.4  V. 

3.4.  Ag-deposited  nickel  anode  with  Inconel  cathode 

The  Ag-activated  cells  have  shown  the  best  performance  as 
shown  in  Table  2.  Impedance  analysis  has  generally  been  per¬ 
formed  at  a  polarization  voltage  of  1.4  V.  Fig.  12  shows  the  cyclic 
voltammogram  for  a  Ag-activated  cell  along  with  polarized 


impedance  measurements  before  and  after  recording  the  voltam¬ 
mogram  at  polarization  voltages  of  1.4  V  and  1.5  V.  The  serial 
resistance  Rs  decreased  slightly  after  recording  the  voltammogram 
from  133  mQ  cm2  to  125  mQ  cm2  at  1.4  V  polarization,  while  the 
area  specific  resistance  of  the  cell,  ASRceii,  decreased  from 
335  mQ  cm2  before,  to  319  mQ  cm2  after  recording  the  voltam¬ 
mogram.  The  Rs  at  1.5  V  was  equal  to  this  at  1.4  V  (125  mQ  cm2), 
whereas  the  ASRceii  reduced  to  250  mQ  cm2.  The  main  change  is 
associated  with  the  low  frequency  part  of  the  spectrum. 

3.5.  Influence  of  the  temperature 

The  performance  of  a  FobAEC  with  Ag-deposited  anode  and 
Inconel  cathode  at  240  °C  and  37  bar,  202  °C  and  27  bar  and  108  °C 
and  15  bar  in  comparison  with  the  corresponding  impedance 


Fig.  8.  SEM  picture  of  the  surface  of  the  nickel  foam  anode  of  a  FobAEC  at  low  (left),  and  high  magnification  (see  scale  bar)  showing  the  interface  between  the  nickel  foam  and  the 
SrTi03  (right). 
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Fig.  9.  SEM  picture  of  the  surface  of  the  nickel  foam  after  Ag  electrodeposition  of  the 
interface  between  the  nickel  foam  and  SrTi03  as  well  as  the  nano  sized  Ag  particles. 


measurements  can  be  seen  in  Fig.  13.  The  investigated  cell  showed 
current  densities  of  1000  mA  cm-2  at  240  °C,  640  mA  cm-2  at 
202  °C  and  85  mA  cm-2  at  108  °C  at  a  cell  voltage  of  1.5  V  (during 
decreasing  the  cell  voltage).  The  current  densities  at  1.75  V  were 
200  mA  cm-2, 1440  mA  cm-2  and  1940  mA  cm-2  at  temperatures  of 
108  °C,  202  °C  and  240  °C,  respectively.  The  results  are  not  Rs- 
compensated.  The  impedance  plots  at  a  polarization  voltage  of  1.4  V 
show  that  Rs  improved  from  164  mCl  cm2  to  128  mCl  cm2  and  more 
significantly  ASRceii  improved  from  508  mQ  cm2  to  361  mQ  cm2 
with  increasing  temperature  from  202  °C  to  240  °C  as  shown  in  the 
lower  part  of  Fig.  13.  The  impedance  curve  shows  significant  scat¬ 
tering  at  low  frequencies;  a  Kramers-Kronig  test  showed  an  error 
above  1%  (up  to  ±  4.5%)  at  frequencies  below  10  FIz  with  random 
distribution  around  zero. 

3.6.  Determination  of  the  hydrogen  evolution  overpotential 

The  overpotential  of  the  Inconel  cathode  has  been  studied  with 
the  use  of  the  sample  holder  as  shown  in  Fig.  5.  The  reference  of  the 
potentiostat  has  been  connected  to  the  Pt-wire  in  the  centre  of  the 
FobAEC,  as  shown  in  Fig.  5  as  well,  which  acts  as  a  reference  electrode. 
The  analysis  of  the  hydrogen  evolution  reaction  HER  has  been  per¬ 
formed  in  safety  gas  (9%  H2  in  N2)  with  the  results  for  the  cyclic  sweep 
voltammogram  shown  in  Fig.  14.  At  a  current  density  of  100  mA  cm-2 
the  overpotential  was  -40  mV  and  at  1000  mAcnrr2  it  was  -131  mV, 
resulting  in  a  Tafel  slope  of  91  mV  dec-1.  The  uncompensated  over¬ 
potential  for  a  current  density  of  1  A  cm-2  was  -0.28  V. 

The  iR-corrected  results  (tjH2 )  correspond  to  the  difference  of  the 
cathode  potential  vs  the  equilibrium  potential  of  the  reference 
electrode  f£q.  The  cathode  potential  vs  the  SHE  (Ec, she)  is  displayed 
on  the  second  ordinate  of  Fig.  14  (compare  Section  2.4). 


anode  of  a  FobAEC  at  low  (left)  and  high  magnification  (see  scale  bar)  (right)  showing  the 


3.7.  Determination  of  the  oxygen  evolution  overpotential 

The  oxygen  overpotential  has  been  measured  for  cells  with  and 
without  the  Ag  catalyst  in  technical  air  (20%  O2,  80%  N2)  with  the 
results  shown  in  Fig.  15.  The  obtained  current  density  for  low 
overpotentials  between  50  mV  and  150  mV  is  higher  for  the  not  Ag 
activated  cell,  which  has  not  generally  been  the  case  (compare 
Fig.  11).  At  higher  overpotentials  the  situation  changes  and  the 
current  density  of  the  Ag  activated  anode  is  higher  than  that  of  the 
pure  nickel  foam  anode,  i.e.  at  a  current  density  of  90  mA  cm  2  the 
overpotentials  are  250  mV  and  220  mV,  while  at  900  mA  cm-2  they 
are  360  mV  and  380  mV  for  the  Ag  activated  anode  and  the  nickel 
anode,  respectively.  The  Tafel  slope  for  the  not  activated  cell  is 
160  mV/decade  while  the  Ag-activated  anode  improved  to  130  mV/ 
decade  between  90  mA  cm-2  and  900  mA  cm-2.  The  slope  appears 
to  be  highly  nonlinear. 

The  iR-corrected  results  (p02 )  correspond  to  the  difference  of  the 
cathode  potential  vs  the  equilibrium  potential  of  the  reference 
electrode  E^q.  The  anode  potential  vs  the  SHE  (Ea.she)  is  displayed 
on  the  second  ordinate  of  Fig.  15  (compare  Section  2.4). 

4.  Discussion 

4.1.  Cell  performance 

The  obtained  current  densities  of  1.0  A  cm-2  at  1.5  V  and 
2.0  A  cm-2  at  1.75  V  show  that  the  proposed  FobAEC  cell  design  is 
able  to  compete  with  the  state  of  the  art  PEM  (Proton  Exchange 
Membrane)  electrolysis  cells,  but  offers  cost  effective  production 
since  no  expensive  catalysts  are  needed.  High  performance  has 
been  achieved  by  increasing  the  temperature  up  to  250  °C  at 


Fig.  10.  SEM  picture  of  the  cross  section  of  a  FobAEC  with  two  layers  of  nickel  and  two  layers  of  Inconel  foam  showing  the  nickel  anode  (left),  the  Inconel  cathode  (centre)  and  the 
full  cell  (right). 
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Fig.  11.  iV-curves  of  different  cells  at  temperatures  around  240  °C  and  pressures 
around  40  bar,  i.e.:  Cell  3a  (x)  and  Cell  3b  (full  line)  with  1  layer  Ag-deposited  nickel 
anode  and  1  layer  Inconel  as  cathode;  Cell  2  (+)  with  1  layer  nickel  foam  anode  and  1 
layer  Inconel  as  cathode;  Cell  lb  (□)  with  2  layers  nickel  foam  anode  and  2  layers 
Inconel  as  cathode;  Cell  la  ( O )  with  2  layers  nickel  foam  anode  and  2  layers  Inconel  as 
cathode. 


pressures  up  to  42  bar.  The  FobAEC  can  in  principle  be  used  in  fuel 
cell  mode  as  well,  but  this  remains  to  be  proven  in  future 
measurements  along  with  long  term  measurements  to  determine 
the  stability  of  the  cell. 

The  overpotential  for  the  HER  after  iR  correction  was  as  low 
as  -40  mV  for  the  Inconel  foam  at  a  current  density  of  100  mA  cm-2 
and- 84  mV  at  a  current  density  of  250  mA  cm-2  as  shown  in 
Fig.  14.  A  recent  review  by  Zeng  and  Zang  [11]  reported  values 
between  -58.0  mV  and  -489  mV  for  nickel  alloys  at  the  same 
current  density  of  250  mA  cm”2,  but  lower  temperature  (70  °C). 

Overpotentials  for  the  OER  of  224,  235,  250,  270  and  300  mV  at 
a  current  density  of  100  mA  cm-2  have  been  reported  by  Zeng  and 
Zang  [11]  for  Ni  +  La  doped  C03O4,  Ni  +  Spinel  type  C03O4, 
Lao.5Sr0.5Co03,  Nio.2Coo.sLa03  and  pure  nickel  electrodes,  respec¬ 
tively,  at  temperatures  between  25  °C  and  90  °C.  These  values  are 
similar  with  the  overvoltage  measured  here  at  the  same  current 
density  for  the  nickel  foam  anode  (225  mV)  and  the  Ag  deposited 
nickel  foam  anode  (254  mV),  as  shown  in  Fig.  15.  Ag  deposition  on 
the  anode  leads  to  reduction  of  the  overpotential  at  elevated 
current  densities. 

4.2.  Cell  efficiency 

The  calculation  of  the  efficiency  for  water  or  steam  electrolysis 
can  be  done  in  several  ways,  which  may  lead  to  confusion  when 
results  are  compared.  The  electrical  efficiency  is  often  calculated  by 
Equation  (11),  where  HHVH2?stp  is  the  Higher  Heating  Value  of 
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Fig.  12.  Cyclic  voltammogram  (upper  figure)  of  a  FobAEC  (Cell  3b)  with  Ag-deposited 
anode  and  Inconel  cathode  at  247  °C  and  43  bar  in  comparison  with  the  corresponding 
impedance  analysis  (central  figure)  at  polarization  voltages  of  1.4  V  before  (x)  and 
1.4  V  ( O )  and  1.5  V  ( v )  after  the  cyclic  voltammetry  test. 


Fig.  13.  Cyclic  voltammogram  (upper  figure)  of  a  FobAEC  (Cell  3a)  with  Ag-deposited 
anode  and  Inconel  cathode  at  240  °C  and  37  bar  (full  line),  202  °C  and  27  bar  (dashed 
line)  and  108  °C  and  15  bar  (dash-dot)  along  with  the  corresponding  impedance 
analysis  (lower  figure)  from  data  achieved  at  a  polarization  of  1.4  V. 


Table  2 

Comparison  of  the  cell  performance  for  different  compositions  of  the  FobAEC  at  around  240  °C  and  40  bar. 


Cell 

Anode 

Cathode 

Temperature  [°C]/ 
pressure  [bar] 

/  [mA  cm  2]  at 

1.5  V  (uncomp.) 

/  [mA  cm  2]  at 

1.75  V  (uncomp.) 

Rs  [mQ  cm2]  at 

1.4  V  polarization 

[/cell  [V]  at 

0.5  A  cm-2  (comp.) 

Cell  la 

2  layer  Ni  foam 

2  layer  Inc  foam 

240/38 

466 

1130 

148 

1.441 

Cell  lb 

2  layer  Ni  foam 

2  layer  Inc  foam 

237/36 

528 

1378 

140 

1.419 

Cell  2 

1  layer  Ni  foam 

1  layer  Inc  foam 

240/39 

679 

1570 

112 

1.388 

Cell  3a 

1  layer  Ni  foam  +  Ag 
deposition 

1  layer  Inc  foam 

240/37 

1000 

1918 

119 

1.291 

Cell  3b 

1  layer  Ni  foam  +  Ag 
deposition 

1  layer  Inc  foam 

247/42 

903 

1978 

124 

1.337 
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Fig.  14.  Current  density  dependence  of  the  hydrogen  evolution  overpotential  of  the 
Inconel  cathode  with  a  sweep  rate  of  20  mV  s  1  at  42.1  bar  and  248  °C.  The  full  line 
shows  the  Rs-compensated  applied  electrode  voltage;  the  dashed  line  shows  the 
graphical  estimation  of  the  Tafel  slope  between  100  mA  cm-2  and  1  A  cm-2. 


Fig.  15.  Current  density  dependence  of  the  oxygen  evolution  overpotential  of  a  Ag 
loaded  anode  at  43.3  bar  and  248  °C  (full  line)  in  comparison  with  the  oxygen 
evolution  overpotential  of  a  pure  nickel  anode  (dashed)  at  42  bar  250  °C,  both  recorded 
with  a  sweep  rate  of  50  mV  s-1  and  compensated  for  Rs. 


Hydrogen  at  standard  temperature  and  pressure,  STP;  Etn,o  is  the 
thermoneutral  voltage  at  STP  and  Uceii  is  the  applied  cell  voltage. 
This  can  lead  to  electrical  efficiencies  greater  than  100%  since 
electrolysis  is  possible  at  lower  voltages  starting  from  1.23  V  at  STP 
as  calculated  with  Equation  (6).  The  energy  efficiency  is  of  course 
below  100%,  since  the  supply  of  heat  is  necessary  in  this  case. 


HHVh^stp^V1  Etn,o  1.481V 

veiectnc  Electricity  demand  UCell  UCell 

Since  water  electrolysis  is  usually  performed  at  elevated 
temperatures,  it  is  more  precise  to  take  heat  demands  into 
consideration  and  calculate  the  efficiency  by  equation  (12),  where 
ijum  is  the  efficiency  correlated  to  the  HHV,  HHVH2,t  is  the  HHV  for 
H2  at  a  specific  temperature. 

HHVH,Tn  'F  '  y t  M21 

/HHV  Electricity  demand  UCell  1 


The  efficiency  correlated  to  the  HHV  of  cell  la,  which  reached 
1.0  A  cm-2  at  240  °C  and  37  bar,  could,  if  further  losses  are  said  to  be 
zero,  be  calculated  to  84.3%.  The  electric  efficiency  would  be  98.7% 
at  this  point. 

It  is  also  common  to  calculate  the  efficiency  against  the  lower 
heating  value  LHV  of  hydrogen,  i.e.  the  US  department  of  Energy 
DOE  recommends  the  use  of  the  LHV.  Reservations  against  the  use 
of  the  LHV  have  been  expressed  stating  that  it  is  not  possible  to 
obtain  an  efficiency  of  100%,  although  the  cell  might  operate  below 
the  thermoneutral  voltage,  where  ohmic  losses  compensate  for  the 
heat  demand  of  the  endothermic  electrolysis  reaction  [34].  Anyway, 
it  is  of  interest  to  compare  the  achieved  efficiencies  against  the  LHV, 
as  calculated  from  Equation  (13),  with  the  target  from  the  DOE  for 
2017,  which  is  74%  cell  efficiency.  The  here  obtained  efficiency  ?7lhv 
at  a  current  density  of  2.0  A  cm-2  is  70%,  while  it  is  74%  at  a  current 
density  of  1.6  A  cm-2. 


^7  LHV  = 


A  Gfn^F-1 


1.229  V 


Electricity  demand  U, 


Cell 


(13) 


The  influence  of  the  pressure  on  the  reversible  cell  voltage  Erev 
was  discussed  in  Section  1.2.  Erev(t,p)  decreases  with  increasing 
temperature,  but  increases  with  increasing  electrolysis  pressure,  as 
shown  in  Fig.  2.  The  efficiency  against  Erev(t,p>  can  be  calculated  by 
Equation  (14)  where  ^£rev(t)P)  is  the  efficiency  against  the  reversible 
cell  voltage  Erev(t,p)-  It  is  obvious  that  Equation  (14)  is  the  only  one 
taking  the  system  pressure  into  account  (compare  Fig.  2)  and  allows 
for  comparison  of  cells  operated  at  elevated  pressures,  although  the 
same  restrictions  as  discussed  for  t^lhv  are  valid  for  VErev(t,py 


^Erev(Lp) 


^rev(t,p) 

^Cell 


(14) 


Table  3 

Efficiencies  of  the  measured  cells  at  relevant  current  densities  in  comparison  with  available  literature  data. 


Cell/type 

Temperature 
[°C]/pressure  [bar] 

/  [mA  cm  2] 

Ucell  [V] 

^/electric 

Vlhv 

Phhv 

VErev(t,p) 

Cell  3a;  Ag  deposited  Ni  foam  anode, 

108/15 

100 

1.57 

94.3 

78.3 

80.1 

75.6 

Inconel  cathode 

200 

1.75 

84.6 

70.2 

71.9 

67.8 

202/27 

100 

1.27 

116.6 

96.8 

99.4 

92.5 

200 

1.33 

111.4 

92.4 

94.9 

88.4 

500 

1.45 

102.1 

84.8 

87.1 

81.1 

1000 

1.62 

91.4 

75.9 

77.9 

72.5 

240/37 

100 

1.22 

121.4 

100.7 

103.6 

96.0 

200 

1.25 

118.5 

98.3 

101.1 

93.7 

500 

1.35 

109.7 

91.0 

93.6 

86.8 

1000 

1.5 

98.7 

81.9 

84.3 

78.1 

2000 

1.76 

84.1 

69.8 

71.8 

66.6 

Raney-nickel  cell  [3] 

100/4 

400 

1.55 

95.5 

79.3 

94.8 

75.3 

Anode:  NiFe(OH)2  layer.  Cathode: 

58/atmospheric 

1000 

2.12 

69.9 

58.0 

69.3 

55.0 

Pt  coated  SS  [36] 

Polished  nickel  electrodes  in 

264/15.5 

500 

1.55  (iR-corrected) 

95.5 

79.3 

81.6 

74.7 

50  wt%  KOH  [5] 

1000 

1.65  (iR-corrected) 

89.8 

74.5 

76.7 

70.1 
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Furthermore  it  should  be  stressed  that  none  of  the  given  equa¬ 
tions  is  utilizable  to  compare  the  performance  of  a  cell  unless  the 
current  density  is  also  given.  The  efficiency  of  the  measured  cells 
have  been  calculated  in  comparison  with  cells  from  the  literature  at 
relevant  current  densities  and  are  shown  in  Table  3.  The  differences 
between  the  calculated  efficiencies  by  Equation  (11 ) — (14)  are  up  to 
25%  for  the  same  data-set  (compare  Cell  la  at  240  °C  and  37  bar). 

4.3.  System  costs 

No  precious  materials  are  used  in  the  cell,  and  metal  foams  are 
widely  used  in  industrial  processes.  Thus,  it  is  possible  to  produce 
FobAECs  at  raw  material  prices  under  1310  US$  m”2,  equal  to  88  US$ 
kW^j1  if  operated  at  1.0  A  cm-2  and  no  further  electro-catalysts  are 
used.  Ag  is  expensive  material,  but  if  it  is  used  as  a  catalyst  only  with 
a  small  load,  it  would  not  raise  the  cost  very  much,  especially  if 
compared  to  some  of  the  best  known  catalysts  for  the  OER  (Ru02  or 
Ir02)  [35].  Lab-scale  prices  for  Ag,  Ru02  and  Ir02  are  5.00  US$  g”1, 
34.40  US$  g”1  and  91.40  US$  g”1,  respectively  (Alfa  Aesar,  October 
2012).  The  price  of  silver  on  the  stock  market  is  ca.  1  US$  g”1  as  of 
October  2012,  whereas  platinum  cost  about  50  US$  g_1.  The  addi¬ 
tional  investment  costs  of  an  electrolysis  system  using  FobAECs  due 
to  the  high  temperature  and  pressure  will  be  compensated  by  the 
fact  that  the  systems  can  be  build  much  smaller  if  compared  to 
standard  alkaline  electrolysis  systems  at  the  same  production  rate 
due  to  the  high  current  densities  and  a  high  electrical  efficiency.  Also 
the  costs  of  pressurized  hydrogen  (and  oxygen)  will  be  reduced. 

5.  Conclusion 

A  new  type  of  alkaline  electrochemical  cell  has  been  developed 
and  tested.  Current  densities  of  almost  1.0  A  cm-2  at  240  °C  and 
37  bar  have  been  reached  at  the  thermoneutral  voltage  for  water 
splitting  (1.481  V  at  STP),  thereby  achieving  an  electrical  efficiency 
of  98.7%  at  this  current  density.  At  the  industrial  more  relevant  cell 
voltage  of  1.75  V  (industrial  electrolysis  systems  are  usually  oper¬ 
ated  at  or  above  this  voltage,  compare  Table  5  from  Ref.  [11]),  cor¬ 
responding  to  an  electrical  efficiency  of  84.5%,  the  current  density 
reached  2.0  A  cm”2  and  is  thereby  better  than  the  targets  of  the  US 
Department  of  Energy  DOE  for  2017. 
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